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(54) Ink-jettable reactive polymer systems for free-form fabrication of solid three dimensional 
objects 



(57) The present invention is drawn toward systems 
and methods for free-form fabrication of solid three-di- 
mensional objects. In one embodiment, a method can 
comprise a) ink-jetting a first ink-jettable composition 
(16) containing a reactive build material and a second 
ink-jettable composition (18) containing a curing agent 
separately onto a substrate (22) such that contact be- 



tween the reactive build material and the curing agent 
occurs, thereby resulting in a reaction that forms a hard- 
ening composition (24) without requiring ultraviolet cur- 
ing, and b) repeating the ink-jetting step such that mul- 
tiple layers of hardening composition are accrued, 
wherein said multiple layers are successively bound to 
one another to form the solid three-dimensional object. 
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Description 

FIELD OF THE INVENTION 

[0001 ] The present invention is drawn toward the pro- 
duction of solid three-dimensional objects, such as for 
prototyping applications. More particularly, the present 
invention is drawn toward the use of two or more ink- 
jettable compositions that react with one another when 
combined, and which can be accrued to form three-di- 
mensional objects. 

BACKGROUND OF THE INVENTION 

[0002] Printing technologies can be used to create 
three-dimensional objects from data output of a compu- 
terized modeling source. For example, one can design 
a three-dimensional object using a computer program, 
and the computer can output the data of the design to 
a printing system capable of forming the solid three-di- 
mensional object. 

[0003] Ink-jet printers typically use ink-jet pens to de- 
posit various types of material onto substrates. Ink-jet 
pens typically require that the material to be jetted have 
a low viscosity such that the material can be accurately 
jetted while retaining good pen reliability. Heat is some- 
times applied to the jetted material in order to lower its 
viscosity into a jettable range. In the case of printing 
three-dimensional objects, an object created by the jet- 
ted material, once solidified, should be sufficiently rigid 
in order to maintain its shape. Therefore, the jetted ma- 
terial generally must undergo some sort of solidifying af- 
ter being jetted from the printer. 
[0004] Previous methods of three-dimensional print- 
ing have used ultraviolet curing to solidify and cure a 
three-dimensional structure after jetting it from the print- 
er. In such methods, the ink-jetted material contains a 
photo-reactive material that reacts upon exposure to ul- 
traviolet energy, thereby resulting in a solidified compo- 
sition. The use of ultraviolet curing poses some limita- 
tions, however. Some dyes which might be used to color 
an object can absorb ultraviolet energy and inhibit the 
solidifying and curing process. Many dyes can also be 
substantially destroyed due to ultraviolet irradiation. 
This can limit the types of dyes used in three-dimension- 
al printing. Furthermore, photo- reactive material can re- 
act prematurely over extended storage times, upon ex- 
posure to ambient light, or due to heat applied during 
the jetting process. For example, some higher molecular 
weight materials that need to be heated extensively to 
lower their viscosity may not be available for use be- 
cause the heat applied can cause premature solidifying. 
Limiting the use of higher molecular weight materials 
can limit certain mechanical properties of the solid three- 
dimensional object being printed. 



SUMMARY OF THE INVENTION 

[0005] It has been recognized that certain systems, 
methods, and composition components can be used for 

5 free-form fabrication of solid three-dimensional objects. 
Specifically, a method for free-form fabrication of a solid 
three-dimensional object can comprise steps of a) ink- 
jetting a first ink-jettable composition containing a reac- 
tive build material and a second ink-jettable composition 

10 containing a curing agent separately onto a substrate 
such that the reactive build material and the curing agent 
contact and react to form a solidifying composition, and 
b) repeating the ink-jetting step such that multiple layers 
of the solidifying composition are accrued, wherein each 

15 of the multiple layers is bound to one another to form 
the solid three-dimensional object.ln another embodi- 
ment, a system for free-form fabrication of solid three- 
dimensional objects can comprise a first ink-jettable 
composition including a reactive build material and a 

20 second ink-jettable composition including a curing 
agent. The reactive build material and the curing agent 
can be configured to react with one another after contact 
to form a solidifying composition. The solidifying com- 
position can be configured to become chemically bound 

25 to subsequently applied solidifying compositions. The 
system can further comprise an ink-jet dispensing sys- 
tem configured for separately containing and dispensing 
the first ink-jettable composition and the second ink-jet- 
table composition, wherein upon dispensing, the first 

30 ink-jettable composition and the second ink-jettable 
composition are configured to come in contact. 
[0006] In another embodiment, a solid three-dimen- 
sional object can comprise multiple layers of a solidify- 
ing composition bound to one another, wherein each 

35 layer is formed by contacting a first ink-jettable liquid 
composition containing a reactive build material with a 
second ink-jettable liquid composition containing a cur- 
ing agent. The curing agent can be reactive with the re- 
active build material such that the solidifying composi- 
te tion forms. 

[0007] Additional features and advantages of the in- 
vention will be apparent from the detailed description 
that follows, which illustrates, by way of example, fea- 
tures of the invention, 

45 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0008] 

50 FIGS. 1 A and 1 B provide a schematic representa- 
tion of a free-form fabrication system in accordance 
with an embodiment of the present invention; and 
FIGS. 2A and 2B provide a schematic representa- 
tion of an alternative free-form fabrication system in 

55 accordance with an embodiment of the present in- 
vention. 
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DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENT(S) 

[0009] Before the present invention is disclosed and 
described, it is to be understood that this invention is not 
limited to the particular process steps and materials dis- 
closed herein because such process steps and materi- 
als may vary somewhat. It is also to be understood that 
the terminology used herein is used for the purpose of 
describing particular embodiments only. The terms are 
not intended to be limiting because the scope of the 
present invention is intended to be limited only by the 
appended claims and equivalents thereof. 
[0010] It must be noted that, as used in this specifica- 
tion and the appended claims, the singular forms "a," 
"an," and "the" include plural referents unless the con- 
text clearly dictates otherwise. 
[0011] Viscosities, temperatures, ratios, concentra- 
tions, amounts, molecular sizes, and other numerical 
data may be expressed or presented herein in a range 
format. It is to be understood that such a range format 
is used for convenience and brevity, and thus, should 
be interpreted in a flexible manner to include not only 
the numerical values explicitly recited as the limits of the 
range, but also to include ail the individual numerical val- 
ues or sub-ranges encompassed within that range as if 
each numerical value and sub-range is explicitly recited. 
To illustrate, a concentration range of "about 0.1 wt% to 
about 5 wt%" should be interpreted to include not only 
the explicitly recited concentration of about 0.1 wt% to 
about 5 wt%, but also include individual concentrations 
and the sub-ranges within the indicated range. Thus, in- 
cluded in this numerical range are individual concentra- 
tions such as 1 wt%, 2 wt%, 3 wt%, and 4 wt%, and sub- 
ranges such as from 0.1 wt% to 1.5 wt%, 1 wt% to 3 
wt%, from 2 wt% to 4 wt%, from 3 wt% to 5 wt%, etc. 
This same principle applies to ranges reciting only one 
numerical value. For example, a range recited as "less 
than about 5 wt%" should be interpreted to include all 
values and sub-ranges between 0 wt% and 5 wt%. Fur- 
thermore, such an interpretation should apply regard- 
less of the breadth of the range or the characteristics 
being described. 

[0012] As used herein, liquid vehicle" refers to the liq- 
uid fluid that can be prepared for jetting with a reactive 
build material or a curing agent, and which, in combina- 
tion, can be jetted from ink-jet pen architecture. Option- 
ally, the liquid vehicle can also include colorant with the 
reactive build material or the curing agent. A wide variety 
of liquid vehicles can be used with the systems and 
methods of the present invention. For example, such liq- 
uid vehicles can include a mixture of a variety of different 
agents, including, water, surfactants, organic solvents 
and co-solvents, buffers, biocides, sequestering agents, 
Viscosity modifiers, as well as soluble low molecular 
weight monomers, oligomers, and polymers, etc. Liquid 
vehicles can also be configured to include other mate- 
rials, such as latex particulates or particulate polymers, 



for example. 

[0013] Though liquid vehicles are described herein in 
some detail, it is not always required that a liquid vehicle 
be used. In some embodiments, the curing agent and/ 
5 or the reactive build material can be configured to be 
jetted from ink-jet architecture without the use of a liquid 
vehicle. Alternatively, unlike the ink-jet ink image print- 
ing arts, where liquid vehicles are used that dominate 
the composition, with respect to embodiments of the 

10 present invention, liquid vehicle components, if used, 
are typically present in small amounts. This is because 
the use of more liquid vehicle than is necessary can tend 
to contaminate the object to be formed, or will have to 
evaporate away, thereby increasing shrinkage of the ob- 

15 ject. An example of where liquid vehicle can be added 
is with respect to embodiments wherein it is desired to 
alter the viscosity, surface tension, or the like of the re- 
active build material and/or the curing agent. 
[0014] The term "solid three-dimensional object" or 

20 "three-dimensional object" refers to objects that are 
formed by the printing method of the present invention. 
Solid three-dimensional objects are sufficiently rigid to 
maintain a fixed volume and shape to an extent which 
is appropriate for use in three-dimensional modeling. 

25 The term can include states of the object before and af- 
ter the object has completely reacted and/or dried. 
[001 5] "Solidifying" refers to the reactive process that 
occurs after contact between a reactive build material 
and a curing agent. A state of solidifying would include 

30 when the reactive build material and the curing agent 
are mixed and partially cured. Solidifying can occur from 
the moment of contact until the moment the reaction be- 
tween the reactive build material and the curing agent 
is substantially complete. 

35 [0016] "Solidifying composition" includes the state of 
an object or composition being formed after contact be- 
tween a reactive build material and a curing agent. In 
accordance with the present invention, a substantially 
or fully solidified object is still considered to be a solidi- 

40 fyjng composition. However, when applying layer of so- 
lidifying composition upon layer of solidifying composi- 
tion, a previously deposited layer of solidifying compo- 
sition is typically not fully cured to provide good adhe- 
sion to a subsequently applied solidifying composition. 

« The term "solidifying," "solidify," or the like, is not intend- 
ed to imply that the resulting composition is necessarily 
a hard substance in the traditional sense. For example, 
a composition can be solidified to form a flexible solid 
three-dimensional object. In this example, the flexible 

so object is more solidified than either of the two reactive 
components used to form the solid three-dimensional 
object. 

[0017] "Reactive build material" or "build material" in- 
cludes substances with reactive groups that can react 
55 with a curing agent to form a solidifying composition. 
Typically, the reactive build material provides most of the 
bulk of the solid three-dimensional object, as it is typi- 
cally applied at a greater volume than the curing agent. 
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Reactive build materials can include liquid vehicle ad- 
mixed therewith when it is desired to alter the jettability 
properties, such as with respect to viscosity, su rf ace ten- 
sion, and the like. Temperature adjustment can also be 
used to alter the jettability properties as well. 
[0018] "Curing agent" includes substances that can 
react with reactive groups of a reactive build material to 
form a solidifying composition. Curing agents can also 
include liquid vehicle admixed therewith, though this is 
not required, as long as the curing agent has desirable 
ink-jetting properties. Temperature adjustment can also 
be used to alter the jettability properties as well. 
[0019] With respect to both reactive build material and 
curing agent, it is recognized that in certain instances, 
it may be difficult to determine which composition of a 
two part reactive system is the reactive build material 
and which composition is the curing agent. As long as 
the two parts can come together and form a solid three- 
dimensional object in accordance with embodiments of 
the present invention, this distinction is less important. 
However, for exemplary purposes, one can consider the 
reactive build material to be present at higher content in 
the reactive mix, and very often, to have a higher mo- 
lecular weight than the curing agent. 
[0020] The term "substrate" can include build plat- 
forms, removable material, and previously deposited 
solidifying composition layers, depending on the con- 
text. A "build platform" is typically the rigid substrate that 
is used to support the solid three-dimensional object 
and/or removable material. "Removable material" that 
can be used includes wax, patterned solidifying compo- 
sition, water swellable gel, readily meltable material, 
readily soluble material, or another material that can car- 
ry the solid three-dimensional object being built, as well 
as be configured to be readily removed. The removable 
material can be applied by ink-jet pen or other depositing 
technique, and can be used to separate the solid three- 
dimensional object from the build platform, and/or can 
be applied to support overhanging features of the solid 
three-dimensional object. Previously deposited "solidi- 
fying compositions" can also be used as a substrate. To 
illustrate, when laying down an initial layer of a solidify- 
ing composition, the initial layer will typically be carried 
by a build platform or a removable material on the build 
platform. However, subsequent layers of solidifying 
composition can be deposited onto the previously de- 
posited solidifying composition layer. 
[0021] "Highly cross-linked" includes covalent and/or 
ionic cross-linking between molecules of reactive build 
material and/or curing agent upon contact. Covalent 
cross-linking can be preferred in some embodiments. 
The presence of a highly cross-linked solidifying com- 
position can provide rigidity to a solid three-dimensional 
object, without the need for ultraviolet curing. Typically, 
by highly cross-linked, an amount of cross-linking can 
be present that leads to the formation of a solid three- 
dimensional network capable of preserving its shape 
upon application of subsequently applied solidifying 



composition layers. 

[0022] "Active hydrogen" refers to an electrophilic hy- 
drogen capable of protonating reactive groups of an 
epoxy in order to form a solidifying composition. 

5 [0023] "Curing" refers to the process of solidifying to 
form a solid three dimensional object, and does not in- 
clude ultraviolet curing unless specified. 
[0024] Reference will now be made to the exemplary 
embodiments illustrated in the drawings, and specific 

io language will be used herein to describe the same. It 
will nevertheless be understood that no limitation of the 
scope of the invention is thereby intended. Alterations 
and further modifications of the inventive features illus- 
trated herein, and additional applications of the princi- 

15 pies of the inventions as illustrated herein, which would 
occur to one skilled in the relevant art and having pos- 
session of this disclosure, are to be considered within 
the scope of the invention. 

[0025] As illustrated in FIGS. 1A and 1B, a system, 
20 indicated generally at 1 0, in accordance with the present 
invention is shown. The system includes a first ink-jet 
pen 1 2 and a second ink-jet pen 1 4. The first ink-jet pen 
includes first ink-jettable composition 1 6 which includes 
a reactive build material. The second ink-jet pen in- 
25 eludes a second ink-jettable composition 18 which in- 
cludes a curing agent. Though the reactive build mate- 
rial is shown as underprinted with respect to the curing 
agent, application of the two compositions can be in the 
reverse. In other words, the curing agent can be under- 
go printed with respect to the reactive build material. One 
or both of the first and second ink-jettable composition 
can include a liquid vehicle to modify the viscosity or 
surface tension, or alternatively, can be a composition 
without added liquid vehicle. In either case, the compo- 
35 sitions are configured to be ink-jettable. 

[0026] A build platform 20 is also shown that is typi- 
cally rigid and can be used to support the solid three- 
dimensional object as it is formed. Also present is a re- 
movable material 22 that can be present to separate the 
40 solid three-dimensional object, once formed, from the 
build platform. The removable material can be of wax, 
patterned solidifying composition, water swellable gel, 
readily meltable material, readily soluble material, or an- 
other material of similar properties. As shown in FIG. 
45 1 a, the first ink-jettable composition 1 6 is deposited onto 
a substrate 26 provided by the removable material, fol- 
lowed by deposition of the second ink-jettable compo- 
sition 18, thereby forming two layers that can react to 
become a single solidifying composition layer 24 (FIG. 
so 1 B). Once the substrate is lowered (or the ink-jet pens 
raised) by a distance about equal to the thickness of the 
solidifying composition layer, the first and second ink- 
jettable compositions can then be applied to a new sub- 
strate 28, which is provided by the solidifying composi- 
55 tion. 

[0027] Referring now to FIGS. 2A and 2B, a system, 
indicated generally at 30, in accordance with the present 
invention is shown. The system includes an ink-jet pen 
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32 configured for separately containing and jetting a first 
ink-jettable composition 34 and a second ink-jettable 
composition 36. The first ink-jettable composition can 
include a reactivebuild material. Thesecond ink-jettable 
composition can include a curing agent. One or both of 
the first and second ink-jettable composition can include 
a liquid vehicle to modify the viscosity or surface tension, 
or alternatively, can be an essentially pure composition 
without added liquid vehicle. In either case, the compo- 
sitions are configured to be ink-jettable. 
[0028] A build platform 38 is also shown that is typi- 
cally rigid and can be used to support the solid three- 
dimensional object as it is formed. Also present is a re- 
movable material 40 that can be present to separate the 
solid three-dimensional object, once formed, from the 
build platform. The removable material can be of wax, 
patterned solidifying composition, water swellable gel, 
readily meltable material, readily soluble material, or an- 
other material of similar properties. As shown in FIG. 
2A, the first ink-jettable composition 34 is deposited onto 
a substrate 44 provided by the removable material, fol- 
lowed by deposition of the second ink-jettable compo- 
sition 36 by an interleaving process. In other words, 
gaps in coverage provided by the first ink-jettable com- 
position remain open to be filled by the second ink-jet- 
table composition which forms alternating offset check- 
erboard layers with the first ink-jettable composition. Up- 
on reaction, the first ink-jettable composition and the 
second ink-jettable composition become a partially 
cured solidifying composition 42, as shown in FIG. 2B. 
The first and second ink-jettable compositions can then 
be applied to a new substrate 46 which is provided by 
the solidifying composition. 

[0029] Though a few embodiments are shown in the 
FIGS, regarding how to lay down reactive compositions 
for solid free-form fabrication in accordance with the 
present invention, it is recognized that other methods 
can also similarly be used. For example, reactive build 
material and curing agent can be configured to be mixed 
"in flight" between the head of an ink-jet pen(s) and the 
substrate, as would be apparent to one skilled in the art 
after considering the present disclosure. 
[0030] With the above figures and definitions in mind, 
a method for free-form fabrication of a solid three-di- 
mensional object can comprise a) ink-jetting a first ink- 
jettable composition containing a reactive build material 
and a second ink-jettable composition containing a cur- 
ing agent separately onto a substrate such that contact 
between the reactive build material and the curing agent 
occurs, and thereby results in a reaction to form a solid- 
ifying composition without requiring ultraviolet curing; 
and b) repeating the ink-jetting step such that multiple 
layers of solidifying composition are accrued, wherein 
said multiple layers are successively bound to one an- 
other to form the solid three-dimensional object. The 
substrate upon which the first and second ink-jettable 
compositions are deposited can include a build platform 
of removable material such as wax, patterned solidifying 



composition, water swellable gel, readily meltable ma- 
terial, readily soluble material, or another material that 
can carry the solid three-dimensional object being built, 
as well as be configured to be readily removed. For ex- 
5 ample, in one embodiment, the build platform substrate 
can initially be of a removable material upon which the 
first and second ink-jettable compositions are deposit- 
ed. Thereafter, upon repeating steps, the substrate can 
be the solidifying composition formed during a previous 

10 step. The first ink-jettable composition can be under- 
printed or overprinted with respect to the second ink- 
jettable composition, or the first and second ink-jettable 
compositions can be printed substantially simultane- 
ously on the substrate by interleaving or by another 

15 technique. 

[0031] In an alternative embodiment, a system for 
free-form fabrication of solid three-dimensional objects 
can comprise a first ink-jettable composition including a 
reactive build material and a second ink-jettable com- 

20 position including a curing agent. The reactive build ma- 
terial and the curing agent can be configured to react 
with one another after contact to form a solidifying com- 
position without the requirement of ultraviolet curing. 
The solidifying composition can be configured to be- 

25 come chemically bound to subsequently applied solidi- 
fying compositions. The system can further comprise an 
ink-jet dispensing system configured for separately con- 
taining and dispensing the first ink-jettable composition 
and the second ink-jettable composition, wherein upon 

30 dispensing, the first ink-jettable composition and the 
second ink-jettable composition are configured to come 
in contact. 

[0032] In another embodiment, a solid three-dimen- 
sional object can comprise multiple layers of a solidify- 

35 ing composition bound to one another, wherein each of 
the multiple layers are formed by contacting a first ink- 
jettable composition containing a reactive build material 
with a second ink-jettable composition containing a cur- 
ing agent. The curing agent can be configured to be re- 

40 active with the reactive build material such that the so- 
lidifying composition is formable without the require- 
ment of ultraviolet curing. 

[0033] With respect to the methods, systems, and 
compositions described herein, various embodiments in 

45 accordance with the present invention can be practiced. 
For example, a volume ratio of reactive build material to 
curing agent can be from 1:1 to 100:1. Additionally, once 
solidified, the solid three-dimensional object can be con- 
figured to exhibit mechanical properties that are desira- 

so ble for three-dimensional modeling, such as exhibiting 
substantially no perceptible flow at room temperature. 
[0034] The solid three-dimensional object can also be 
highly cross-linked. Both ionic or covalent cross-linking 
can occur to a degree such that a desired rigidity is re- 

55 alized, e.g., from flexible to very hard. In one embodi- 
ment, highly cross-linked denotes the formation of a sol- 
id three-dimensional network capable of preserving its 
shape upon application of subsequently applied layers. 
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This being stated, if shorter chain segments are cross- 
linked, a strong and more brittle composition can be 
formed. Ah advantage of the present invention is that 
both shorter and longer chains can be used to obtain 
desired properties. Longer polymer chains with more 
cross-linking may be more desirable in circumstances 
where a stronger and/or more rigid article is desired. Al- 
ternatively, different materials may be chosen for use 
when a more flexible object is desired. For example, a 
polyurethane composition can be used to provide ob- 
jects that have more flexible mechanical properties. 
[0035] Alternatively, physical properties other than 
crosslinking can be present that also provide for the sol- 
id nature of a three-dimensional object, such as physical 
entanglement and crystalline formation. For example, 
many polymers obtained through free-radical polymeri- 
zation and polycondensation are not chemically cross- 
linked. Additionally, thermoplastics are typically not 
crosslinked, and such materials can be used for free- 
form fabrication of three-dimensional objects. 
[0036] In accordance with an exemplary embodiment 
with respect to material choice, the reactive build mate- 
rial can be an epoxy and the curing agent can be a sub- 
stance which reacts with the epoxy group to open its 
epoxide ring structure(s). Examples of functional groups 
that can be capable of reacting with an epoxide ring in 
this manner are amino groups, hydroxyl groups, and 
carboxyl groups. In one embodiment, the reactive build 
material can be an epoxy and the curing agent can in- 
clude molecules containing at least two active hydro- 
gens, such as diamines, which react with the epoxy to 
form a solidifying composition. In one embodiment, at 
least six or eight active hydrogens can be present. Cov- 
alent cross-linking between epoxy molecules of the cur- 
ing agent can form solid three-dimensional objects hav- 
ing both hard and strong mechanical properties. A bi- 
sphenol-containing epoxy resin can also be used as the 
reactive build material with an amine as the curing 
agent. Some typical amine curing agents that can be 
used include tetraethylene pentamine, triethylene te- 
tramine, polyethylene polyamines, diethylene triamine, 
2,2,4 trimethyl-1,6 hexanediamine, and aliphatic 
amines. Classes of curing agents include aliphatic 
amines, cycloaliphatic amines, aromatic amines, 
polyamines, oligoamines, polyimines, polyamides, ami- 
doamines, dicyanamides, alcoholamines, anhydrides of 
carboxylic acids, carboxylic acids including dimers and 
trimers, and polyfunctional alcohols, to name a few. 
Some ethers can also be included in with an epoxy resin, 
such as n-butyl glycidyl ether, 1 ,4 butanediol diglycidyl 
ether, and alky] glycidyl ether. Further, some commercial 
products are available with two-part chemistries of an 
epoxy resin and an amine curing agent such as Stycast 
W19 / Catalyst 9 from Emerson and Cumings; OG205 
and 301 from Epo-Tek; Ren Infiltrantxi580from Vantico; 
and DER 324 (epoxy resin), DER 732 (epoxy resin), 
DEH 29 (amine curing agent) and/or DEH 58 (amine 
curing agent) from Dow. 



[0037] In another embodiment, the reactive build ma- 
terial can include a polyisocyanate and the curing agent 
can include a polyol for reacting with the polyisocyanate 
to form a solidifying composition of polyurethane. For 

5 example, the commercial product Synair Por-a-mold 
2030 can be used to form a polyurethane solidifying 
composition in accordance with embodiments of the 
present invention. In other embodiments, the reactive 
build material can include isocyanate or polyisocyanate 

10 derivatives and the curing agent can include alcohols or 
polyols to form a solidifying composition. 
[0038] In yet another embodiment, the reactive build 
material can include a functionalized silicone, such as 
an epoxy-functionalized silicone. The curing agent can 

15 include compositions having moieties reactive with and 
a functionality of the functionalized silicone and can in- 
clude one or more of the curing agents described herein 
with respect to the epoxy reactive build materials. Alter- 
natively, a silicone-based curing agent can also be used 

20 to react with NH and OH containing epoxies. Further, 
compositions having *-Si-0-* type backbones can be 
used and can be configured to have better flexibility than 
the compositions based on *-C-* bonds. 
[0039] In yet another embodiment, the reactive build 

25 material can include prepolymers with unsaturated func- 
tionality and the curing agent can include free-radical 
curing agents such as alkyl- or aryl- peroxides or hy- 
droperoxides. Examples of prepolymers that are func- 
tional include free-radical initiators including acrylates, 

30 multifunctional acrylates, urethane acrylates, epoxy acr- 
ylates, and silicone acrylates. Examples of curing 
agents can include peroxide initiators such as methyl 
ethyl ketone peroxide, benzoyl peroxide, acetylacetone 
peroxide, cumene hydroperoxide and the like. 

35 [0040] A solution of promoters such as aromatic 
amines and transition metal salts at lower oxidation 
states can be used to generate radicals in free-radical 
curing agents. Examples of aromatic amines that can 
be used include dimethylaniline, diethylamide, dimeth- 

40 ylacetamide, and the like. Examples of transition metal 
salts that can be used include cobalt naphthenate or co- 
balt octoate. Amine promoters can also be used in con- 
junction with cobalt promoters in conjunction with cer- 
tain peroxide initiators like methyl ethyl ketone peroxide, 

45 particularly when rapid curing is desirable. This embod- 
iment can form a solidifying composition by free-radical 
polymerization of unsaturated prepolymers. 
[0041 ] There are a few concepts to consider when us- 
ing free-radical initiators. Free-radical initiators such as 

50 peroxides, and promoters such as amines and metal 
salts, should not be in the same phase before jetting, as 
they would react immediately upon mixing. As such, in 
one embodiment, the promoters can be allocated in the 
build material phase (unsaturated pre-polymer), and the 

55 peroxide can be jetted as the curing agent. 

[0042] In accordance with another embodiment, the 
first and second ink-jettable compositions can each 
have a viscosity which is less than 70 cP at a tempera- 
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ture less than 200°C. Either thermal ink-jet pens or pie- 
zoelectric ink-jet pens can be used. In one embodiment, 
a viscosity near 15 cP has been found to be operable. 
As is known in the art, the viscosity of fluids can gener- 
ally be lowered by increasing its temperature. As the re- 
active build material and the curing agent are carried by 
separate liquid vehicles, and as reactivity between the 
two compositions will not occur until contact near or on 
a substrate, higher temperatures can be used to modify 
viscosity. In other words, the use of higher temperatures 
can allow more viscous higher molecular weight mate- 
rials to be used in the liquid vehicles, which can provide 
for increased toughness of the solid three-dimensional 
object upon cooling. In addition to the heating option, 
the viscosity of a fluid can also be lowered by adding 
low molecular weight monomers and oligomers, and/or 
by adding small amounts of liquid vehicle. 
[0043] In addition to the reactive build material and/or 
curing agent, colorant can also be added to the jetting 
fluids in ordertocolorthe solid three-dimensional object. 
The colorant can include a dye(s) and/or a pigment(s). 
Colorants generally used in printing include black, ma- 
genta, cyan, and yellow, but other colors can also be 
used. Colorant can be added to a jetting fluid containing 
a reactive build material such as the first ink-jettable 
composition and/or a liquid vehicle containing a curing 
agent such as the second ink jettable composition. In 
one embodiment, a colorant can be added to at least 
one of the first and second ink-jettable compositions. In 
another embodiment, a third ink-jettable composition 
and a fourth ink jettable composition can be ink-jetted 
along with the first and second ink-jettable composi- 
tions, wherein the first ink-jettable composition further 
includes a cyan colorant, the third ink jettable composi- 
tion includes a reactive build material and a magenta 
colorant, and the fourth ink-jettable composition in- 
cludes a reactive build material and a yellow colorant. 
Alternatively, a third ink-jettable composition and a 
fourth ink-jettable composition can be ink-jetted along 
with the first and second ink-jettable compositions, 
wherein the second ink-jettable composition further in- 
cludes a cyan colorant, the third ink jettable composition 
includes a curing agent and a magenta colorant, and the 
fourth ink-jettable composition includes a curing agent 
and a yellow colorant. 

[0044] Several factors can influence whether colorant 
is added to a reactive build material and/or a curing 
agent. One factor can be the ratio of reactive build ma- 
terial to curing agent that is printed onto the substrate. 
Another factor includes the reactivity a colorant may 
have with either the reactive build material or the curing 
agent. For example, if the reactive build material con- 
tains epoxy rings and the colorant contains amino 
groups, the amino group of the colorant may react with 
the epoxy ring, causing prematuresoldification. In such 
a case, the colorant can be added to the curing agent- 
containing liquid vehicle. 

[0045] Other embodiments may apply heat to the so- 



lidifying composition in order to accelerate curing. Ultra- 
sonic energy can also optionally be applied to the solid- 
ifying composition to facilitate mixing of the first and sec- 
ond ink-jettable compositions, thereby improving con- 
5 tact between the reactive build material and the curing 
agent. 

[0046] With specific respect to the liquid vehicles that 
can be used with the reactive build material or the curing 
agent, as well as optionally the colorant, one of many 

10 ingredients can be included. Examples of such ingredi- 
ents include water, surfactants, organic solvents and co- 
solvents, buffers, biocides, sequestering agents, vis- 
cosity modifiers, as well as soluble low molecular weight 
monomers, oligomers, and polymers, etc. As men- 
's tioned, liquid vehicles are typically not added to carry 
the reactive build material and/or the curing agent, but 
can optionally be added to modify jetting characteristics, 
such as viscosity, surface tension, or other properties. 
[0047] Though many of such ingredients will be dis- 

20 cussed herein, it is important to note that not all ingre- 
dients listed are optimal for use with every particular sys- 
tem. For example, if a cosolvent is mentioned as being 
usable, it is to be understood that it is useable only to 
the extent that it is present in a liquid vehicle that carries 

25 a reactive build material oricuring agent that is typically 
nonreactive with that cosolvent. For example, an amine- 
containing cosolvent might not be desirable for use with 
an epoxy reactive build material, though it would be per- 
fectly acceptable for use with other systems. 

30 [0048] Examples of cosolvents that can be used in the 
present invention include, but is not limited to, dimeth- 
ylformamide, dimethylacetamide, acetone, tetrahydro- 
furan, dioxane, polyethylene glycol, polypropylene gly- 
col, ethylene glycol, propylene glycol, butylene glycol, 

35 1 ,2-hexanediol, triethylene glycol, 1 ,2,6-hexanetriol, thi- 
odiglycol, hexylene glycol, diethylene glycol, ethylene 
glycol methyl ether, diethylene glycol monomethyl ether, 
triethylene glycol monomethyl ether, ethanol isopropyl 
alcohol, n-butyl alcohol, isobutyl alcohol, glycerol, n-me- 

40 thyl-2-pyrrolidone, 1 ,3-dimethylimidazolidinone, trieth- 
anolamine, sulfolane, dimethyl sulfoxide, and the like, 
as well as other amines, ketones, ethers, polyalkylene 
glycols, alkylene glycols, lower alkyl ethers of polyhydric 
alcohols, monohydric alcohols, and combinations there- 

45 of. 

[0049] Additionally, the liquid vehicle can comprise 
humectants, keeping in mind that unnecessary addition 
of such liquids can contribute to dimensional shrinkage 
or distortion of formed objects if used in excess amount. 

so On the other hand, humectants can be present to en- 
hance the longevity of solution and solubility character- 
istics, which can be maintained by retention of moisture 
within the liquid vehicle. Keeping such a balance in 
mind, examples of humectants that can be used include, 

55 but are not limited to, nitrogen-containing compounds 
such as urea, thiourea, ethylene urea, alkylurea, alkylth- 
iourea, dialkylurea, dialkylthiourea; sugars such as fu- 
citol, mannitol, and inositol, and combinations thereof. 
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[0050] The liquid vehicle can also comprise solution 
characteristic modifiers such as viscosity modifiers, pH 
adjusters, preservatives, various types of surfactant, 
antioxidants, and evaporation accelerators. Examples 
of surfactants include primary, secondary, and tertiary 
amine salt compounds such as hydrochloric acid salts, 
acetic acid salts of laurylamine, coconut amine, stear- 
ylamine, rosin amine; quaternary ammonium salt type 
compounds such as lauryltrimethylammonium chloride, 
cetyltrimethylammonium chloride, benzyltributylammo- 
nium chloride, benzalkonium chloride, etc.; pyridinium 
salty type compounds such as cetylpyridinium chloride, 
cetylpyridinium bromide, etc.; nonionic surfactant such 
as polyoxyethylene alkyl ethers, polyoxyethylene alkyi 
esters, acetylene alcohols, acetylene glycols; and other 
surfactants such as 2-heptadecenyl-hydroxyethylimida- 
zoline, dihydroxyethylstearylamine, stearyldimethyl- 
betaine, and lauryldihydroxyethylbetaine; and combina- 
tions thereof. 

[0051] pH adjusters that can be used comprise base 
agents such as sodium hydroxide, lithium hydroxide, so- 
dium carbonate, ammonium carbonate ammonia sodi- 
um acetate, ammonium acetate, morpholine, monoeth- 
anolamine, diethanolamine, triethanolamine, ethylmo- 
noethanolamine, n-butyldiethanolamine, di-n-butyleth- 
anolamine, monoisopropanolamine, diisopropa- 
nolamine, and triisopropanolamine, and the like as well 
as combinations thereof. 

[0052] Consistent with the formulation of this inven- 
tion, various other additives can be used to optimize the 
properties of the ink composition for specific applica- 
tions. Examples of these additives are those added to 
inhibit the growth of harmful microorganisms. These ad- 
ditives may be biocides, fungicides, and other microbial 
agents, which are routinely used in liquid vehicle formu- 
lations. Examples of suitable microbial agents include, 
but are not limited to, Nuosept (Nudex, Inc.), Ucarcide 
(Union carbide Corp.), Vancide (R.T Vanderbift Co.), 
Proxel (ICI America), and combinations thereof. 

EXAMPLES 

[0053] The following examples illustrate the embodi- 
ments of the invention that are presently best known. 
However, it is to be understood that the following are 
only exemplary or illustrative of the application of the 
principles of the present invention. Numerous modifica- 
tions and alternative compositions, methods, and sys- 
tems may be devised by those skilled in the art without 
departing from the spirit and scope of the present inven- 
tion. The appended claims are intended to cover such 
modifications and arrangements. Thus, while the 
present invention has been described above with par- 
ticularity, the following Examples provide further detail 
in connection with what are presently deemed to be the 
most practical and preferred embodiments of the inven- 
tion. 



Example 1 

[0054] A first ink-jettable liquid composition compris- 
ing an epoxy reactive build material resin (Stycast W1 9 

5 manufactured by Emerson and Cummings) was loaded 
into a first piezo ink-jet pen. A second ink-jettable liquid 
composition comprising an amine curing agent (Cata- 
lyst 9 manufactured by Emerson and Cummings) was 
loaded into a second piezo ink-jet pen. Liquid vehicle 

10 was not added to the first and second ink-jettable liquid 
compositions. Each ink-jet pen was wanned to a tem- 
perature between 70°C and 90°C, and subsequently, 
jetted onto a substrate at a 100:15 volume ratio of Sty- 
cast W19 to Catalyst 9, thereby forming a solidifying 

15 composition. This process was repeated such that suc- 
cessive layers of solidifying composition were reacted 
and accrued. Once cured, about 1 00% of the composi- 
tion was believed to have solidified to form a solid three- 
dimensional object. 

20 

Example 2 

[0055] The same procedure was followed as de- 
scribed in Example 1 , except that the printed samples 
25 were deposited on a substrate that was heated to 1 00°C 
to reduce the curing time of the solidifying composition. 

Example 3 

30 [0056] A two-part product having part number OG205 
(manufactured by Epo-Tek), consisting of an epoxy res- 
in (Part A) and an amine curing agent (Part B), were 
used to prepare a solid three-dimensional object in ac- 
cordance with embodiments of the present invention. 

35 Both Part A and Part B were each loaded into separate 
piezo ink-jet pens. Each printhead of each ink-jet pen 
was warmed to about 90° C. After warming, Part A and 
Part B were printed onto a substrate at a 1 00:50 volume 
ratio of Part A to Part B, and subsequently, successive 

40 layers were printed to accrue thereon. Once cured, 
about 100% of the composition was believed to have 
solidified to form a solid three-dimensional object. 

Example 4 

45 

[0057] The same procedure was followed as de- 
scribed in Example 3, except that the printed samples 
were deposited on a substrate that was heated to 1 00° C 
to reduce the curing time of the solidifying composition. 

so [0058] While the present invention has been de- 
scribed with reference to certain preferred embodi- 
ments, those skilled in the art will appreciate that various 
modifications, changes, omissions, and substitutions 
can be made without departing from the spirit of the in- 

55 vention. It is to be understood that the present invention 
is not limited to the disclosed embodiments. The inven- 
tion is intended to cover various modifications and 
equivalent arrangements included within the spirit and 
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scope of the claims. Therefore, it is intended that the 
invention be limited only by the scope of the following 
claims, where the claims are to be given the broadest 
interpretation so as to encompass all such modifications 
and equivalent arrangements. 5 



Claims 

1 . A method for free-form fabrication of a solid three- 10 
dimensional object, comprising: 

a) ink-jetting a first ink-jettable composition in- 
cluding a reactive build material and a second 
ink-jettable composition including a curing *5 
agent separately onto a substrate such that 
contact between the reactive buiid material and 

the curing agent occurs, thereby resulting in a 
reaction that forms a hardening composition 
without requiring ultraviolet curing; 20 

b) repeating the ink-jetting step such that mul- 
tiple layers of hardening composition are ac- 
crued, wherein said multiple layers are succes- 
sively bound to one another to form the solid 
three-dimensional object. 25 



composition including a reactive build material and 
a second ink-jettable composition including a curing 
agent, said reactive build material and said curing 
agent being configured to react with one another af- 
ter contact to form a hardening composition without 
the requirement of ultraviolet curing, said hardening 
composition being configured to become chemical- 
ly bound to subsequently applied hardening com- 
positions; and 

an ink-jet dispensing system configured for 
separately containing and dispensing the first ink- 
jettable composition and the second ink-jettable 
composition, wherein upon dispensing, the first ink- 
jettable composition and the second ink-jettable 
composition are configured to come in contact. 

9. A system as in claim 8, wherein the reactive build 
material is an epoxy, and the curing agent includes 
molecules having at least two active hydrogens for 
reacting with the epoxy to form the hardening com- 
position. 

10. A system as in claim 8, wherein the reactive build 
material includes an isocyanate or poiyisocyanate, 
and the curing agent includes an alcohol or polyol. 



2. A method as in claim 1 , wherein the substrate is a 
previously deposited hardening composition. 

3. A method as in claim 1 , wherein the substrate of the 
ink-jetting step is a removable material selected 
from the group consisting of wax, patterned hard- 
ening composition, water swellable gel, readily 
meltable material, readily soluble material, and 
wherein the substrate of each of the successive re- 
peating steps includes a previously deposited hard- 
ening composition. 

4. A method as in claim 1, wherein first ink-jettable 
composition is underprinted with respect to the sec- 
ond ink-jettable composition. 

5. A method as in claim 1, wherein first ink-jettable 
composition is overprinted with respect to the sec- 
ond ink-jettable composition. 

6. A method as in claim 1 , wherein the first ink-jettable 
composition and the second ink-jettable composi- 
tion are printed substantially simultaneously on the 
substrate. 

7. A method as in claim 1 , further comprising the step 
of adding a colorant to at least one of the first ink 
jettable composition and the second ink-jettable 
composition. 

8. A system for free-form fabrication of solid three-di- 
mensional objects, comprising a first ink-jettable 



11. A system as in claim 8, wherein the reactive build 
material includes a functionalized silicone, and the 
curing agent is configured to react with the function- 
so al group on the silicone. 

12. A system as in claim 8, wherein the reactive build 
material includes a norbornene, and the curing 
agent includes a cationic metallic catalyst. 

35 

13. A system as in claim 8, wherein the first ink-jettable 
composition and the second ink-jettable composi- 
tion each have a viscosity which is less than 70 cP 
at a temperature less than 200°C. 

40 

14. A system as in claim 8, wherein at least one of the 
first ink-jettable composition and the second ink-jet- 
table composition includes a colorant 

45 15. A system as in claim 8, further comprising a third 
ink-jettable composition and a fourth ink-jettable 
composition, wherein the first ink-jettable composi- 
tion further includes a cyan colorant, the third ink- 
jettable composition includes a reactive build mate- 
so rial and a magenta colorant, and the fourth ink-jet- 
table composition includes a reactive build material 
and a yellow colorant. 

16. A system as in claim 8, further comprising a third 
55 ink-jettable composition and a fourth ink-jettable 
composition, wherein the second ink-jettable com- 
position further includes a cyan colorant, the third 
ink-jettable composition includes a curing agent 
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and a magenta colorant, and the fourth ink-jettable 
composition includes a curing agent and a yellow 
colorant. 

17. A solid three-dimensional object prepared in ac- s 
cordance with the method of one of claims 1 to 7. 

1 8. A solid three-dimensional object prepared using the 
system of one of claims 8 to 16. 
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